Introduction
Short-chain fatty acids (SCFAs) are the products of microbial fermentation in the 3 digestive tract, and these compounds provide an energy source in a variety of species 4 [1]. SCFAs, which are a group of mono-carboxylic acids that contain a hydrocarbon 5 chain of various lengths, have a variety of biological actions both in vivo [2] [3] [4] [5] and in 6 vitro [6] [7] [8] [9] [10] [11] [12] . Generally, however, the mechanism of these biological actions on cells 7 or tissues has not been completely clarified. Recently, SCFAs have been reported to 8 induce intracellular Ca release via specific receptors and to activate leukocytes in 9 humans and mice [13, 14] . 10 In our previous report, we showed that the osmotic fragility (OF) in rat red blood 11 cells (RBCs) is a useful indicator for evaluating the interaction of fatty acids and the cell 12 membrane in vitro [15] . We also clarified that SCFAs with 2 (C2) to 5 (n-C5) carbons 13 (including the carbon atoms of the carboxylic group) increase OF in rat erythrocytes. 14 The effect on OF occurred in an SCFA concentration-dependent manner and was also 15 dependent on the number of hydrocarbon chains in the SCFA moiety. Although, in 16 our previous study, the most effective SCFA was n-valeric acid (n-C5), there are no 17 reports available on the effects of carboxylic acid with hydrocarbon chains over 6 18 carbons on the OF in rat RBCs. Since iso-C4 and iso-C5, both possessing branched 19 hydrocarbon chains, demonstrate weaker effects on OF than do normal n-C4 and n-C5 20 with straight hydrocarbon chains, the transformation of hydrocarbon chain was 21 confirmed to affect the SCFA-mediated increase in OF. In addition, as the 22 SCFA-mediated increase in OF was not abolished by using trypsin-treated RBC, it is 23 evident that the outer protein in the RBC membrane is not involved in the increase in 24 OF. Thus, SCFAs probably affected the RBC cell membrane directly and resulted in a 25 decrease in osmotic resistance. We hypothesize that the fatty acids interact with the 1 lipid bilayer of cell membrane via their hydrocarbon chains, resulting in the induction of 2 various biological actions [15] . To clarify the mechanism of the SCFA-mediated 3 increase in OF, further information is required concerning the structure-activity 4 relationships between SCFAs and their effect on OF in rat RBCs. 5 Thus, we examined the effect of SCFAs with 1 (C1) to 8 carbons (n-C8) and n-butyric acid (n-C4), n-valeric acid (n-C5), n-caproic acid (n-C6), n-enathic acid 3 (n-C7), n-capric acid (n-C8) and their derivatives are were purchased from Tokyo Kasei 4 Kogyo Co., Ltd (Tokyo, Japan) or Wako Pure chemical Co., Ltd. (Osaka, Japan). Other 5 reagents used in this study were all biochemical grade. between SCFAs and was lowest for n-C8 (0.3mM) among the tested SCFAs. The 11 value for n-C8 applied to rat RBCs at 100 mM was not determined, as the RBC 12 hemolyzed immediately after the n-C8 application and before OF determination.
13
Since SCFAs with above 4 carbons strongly enhance increase in OF (P<0.05), we 14 therefore used n-C4 to n-C7 and their isomers or derivatives at 30 or 100 mM to 15 evaluate structure-activity relationships. Effects of the transformation of the hydrocarbon chain are summarized in Table 3,   3 4, and 5. SCFAs possessing more than 3 carbon atoms in their hydrocarbon chains have 4 branched-chain isomers of the straight-SCFAs. All of the isomers examined in this 5 experiment increased OF in the rat RBCs (Table 3 ). All of the isomers with 3 or 4 6 hydrocarbons increased OF to a lesser degree than did their parent SCFAs. Although, 7 most of the isomers with 5 hydrocarbons had a lower impact on OF than did their parent 8 SCFA (n-C6), 4-Methyl-n-valeric acid induced a larger in increase in OF than did n-C6.
9
Exposure to 100 mM 4-Methyl-n-valeric acid induced hemolysis of rat RBCs in 0.9% 10 NaCl solution but no EC50 value was obtained. Cyclic SCFAs with ring-like 11 hydrocarbon chains of 3 to 6 carbons atoms in length also increased OF (Table 4) . (Table 5 ). Though effect of 100mM tetrolic acid was slightly larger than that of its 21 parent SCFA (n-C4), there were no other significant differences between the parent In our previous report, we found that exposure to SCFAs (C1 to n-C5) changes 2 osmotic resistance in rat RBCs in a carbon number-dependent manner [15] . The 3 changes in the OF were determined by the degree of hemolysis induced by the changes 4 in osmotic pressure using a step-up protocol with increasing concentrations of NaCl. The replacement of a carboxylic group (-COOH) with a sulfonic group (-SO2OH) 18 decreased but did not abolish the increase in OF induced by n-C5 and n-C7 (Table.1 ).
19
The differences between compounds having carboxylic and sulfonic groups were larger 20 in n-C7 compounds than in n-C5 compounds. The effect of carboxylic group 21 replacement was greater in SCFAs with longer hydrocarbon chains. The at each end of a hydrocarbon chain, had no effect on OF. This indicates that a 1 structure in which a hydrocarbon chain and a carboxylic group are located on opposite 2 sides of the molecule is needed to induce an increase in OF.
3
Transformation of hydrocarbon chains between straight, branched or cyclic forms 4 change the OF in rat RBCs. In the present study, most isomers of n-C4, n-C5 or n-C6 5 increased OF to a lesser degree than did their parent SCFAs, though 4-Methyl-n-valeric 6 acid induced a much larger increase in OF than did its parent SCFA with a straight 7 chain (n-C6). Although the increase in OF induced by cyclic compounds was 8 generally lower than that induced by the parent SCFAs (n-C4, n-C5 and n-C6), 9 cyclohexane-carboxylic acid produced a larger increase in OF than did straight SCFA 10 (n-C7). Benzoic acid possessing a benzene ring produced a smaller increase than did 11 n-C7. As the benzene ring is much smaller than a cyclohexane ring, it was clarified 12 that not only the length of the fatty acid chain but the size or form of the hydrocarbon 13 chain is also an important factor in SCFA-mediated increases in OF in rat RBCs.
14 There have been many reports on SCFAs, including mono-carboxylic acids, and 15 their biological actions, and it has been shown that the number of carbons in the 16 hydrocarbon chain is an important factor in determining the biological activity of 17 mono-carboxylic acids [3, 10, 11, 16, 17] . In addition, the transformation of the 18 hydrocarbon chain in mono-carboxylic acids affects biological activity 19 [2, 3, 10, 11, [16] [17] [18] [19] . It was also reported that the presence of one carboxylic group is an 20 essential element in the induction of these biological activities [3, 10, 11, 16] SCFAs (n-C4, n-C5 and n-C6) and dicarboxyric acids were undertaken by paired-t test 5 (**; P<0.01). SCFAs and cyclic SCFAs were undertaken pared-t test (n-C4, n-C5, n-C6 and their 4 derivatives) or by Bonferroni's test (n-C7 and its derivatives). (*; P<0.05, **; P<0.01). ED 50 of hemolysis (NaCl %) ED 50 of hemolysis (NaCl %)
